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a b s t r a c t

In this paper, we introduced attapulgite (ATP) into the system of ferrite composites for the first time. By
sol-gel self-propagating combustion method, attapulgite/barium ferrite (ATP/BaFe12O19) was prepared,
and then ternary composites of attapulgite/barium ferrite/polyaniline (ATP/BaFe12O19/PANI) were
obtained by in-situ oxidative polymerization of aniline on ATP/BaFe12O19 mixture. The phase composi-
tion, morphology and electromagnetic properties of the as-prepared composites were characterized by
X-ray diffraction (XRD), Transmission election microscope (TEM), Fourier transform infrared (FTIR),
vibrating sample magnetometer (VSM) and vector network analyzer (VNA). We found that the ATP/
BaFe12O19/PANI composites at a thickness of 2 mm have the minimum reflection loss of �11.89 dB at
11.28 GHz, besides the effective absorption bandwidth (less than �5 dB) reached 6.39 GHz (from 8.42
GHz to 14.81 GHz).

� 2017 Published by Elsevier B.V.
1. Introduction

Electromagnetic (EM) interference has become a new source of
pollution due to the extensive applications of modern electronic
devices and communication facilities in the industrial, commercial,
and military fields [1–3]. Therefore, the microwave absorption
materials are the focus of extensive studies [4–7]. A suitable micro-
wave absorbing materials own such advantages as tiny thickness,
low density, good thermal stability and wide absorbing bandwidth.

Among ferrite magnets, hard magnetic barium ferrite (BaFe12-
O19) is widely used due to its high electrical resistivity, large mag-
netic crystalline anisotropy, high Curie temperature, low cost,
excellent oxidation and corrosion resistance compared with other
hard ferrites [8,9]. However, for BaFe12O19, due to its poor dielec-
tric losses and fairly strong magnetic loss, which leads to poor
matching of the dielectric loss and magnetic loss [10]. To overcome
the shortcomings of the BaFe12O19, dielectric loss fillers such as
conducting polymers, [11] carbon nanotubes [12,13], and graphene
[14] are often added into the systems to obtain higher absorption
intensity and broader frequency bandwidth.

Attapulgite (ATP) [(Mg, Al)4(Si)8(O,OH,H2O)26�nH2O] is a
hydrated magnesium aluminum silicate presenting in nature as
fibrillate mineral [15–17]. It may also be defined as crystalline
material, wherein the atoms in layers are cross-linked by chemical
bones, while the atoms of adjacent layers interact by physical
forces [18–20]. As reported, ATP performs unusual absorption
properties and shows potential applications as nanocomposites
[21–23], catalyst supports [24–26], and sustainable absorbents
[27]. The presence of micro-pores and channels in ATP structure
and the nanorod-like morphology give a high surface area. More-
over, cation exchange capacity promotes commercial application
of ATP [28].

As far as we know, the introduction of ATP into the ferrite
absorber system has not yet been reported. Here in this report,
the most inexpensive natural nanorods of ATP were surfaced-
modified to be used as the structural strengthening agent. So the
ternary ATP/BaFe12O19 composites were fabricated by sol-gel
self-propagating combustion, and an additional process of in situ
polymerization of aniline monomer was carried out for ATP/
BaFe12O19/PANI composites. Furthermore, the contributions of
impedance match and synergistic effects to enhance the micro-
wave absorption properties were explored in detail.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2017.12.101&domain=pdf
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2. Experimental

2.1. Materials

Attapulgite was obtained from Xuyi Botu Attapulgite Clay Co.,
Ltd. China (Mainland) Manufacturer, Trading Company. Fe(NO3)3-
�9H2O(�98.5%), Ba(NO3)2(�99.5%), citric acid (99.5%), ammonia
aqueous solution, were purchased from Gansu Laiao Chemical
Reagents Company, Gansu, China. Aniline (An) monomers were
purified by distillation under reduced pressure before use. Other
reagents were analytical grade and used without further purifica-
tion. All solutions were prepared with distilled water.
2.2. The pretreatment and modification of ATP

The ATP mineral was first baked at 350 �C for 2 h in muffle fur-
nace to remove organic compounds. It was then treated with 1 M
HCl to activate its surface to get an activated ATP aqueous disper-
sion, the mixture was filtered and washed several times with dis-
tilled water until pH = 7. The sample was dried in a vacuum at
60 �C and then grounded.
2.3. Preparation of ATP/BaFe12O19 composites

The ATP/BaFe12O19 particles were prepared by sol-gel self-
propagating combustion method [29]. Firstly, appropriate amount
of Fe(NO3)3�9H2O, Ba(NO3)2 and citric acid were dissolved in 20 mL
deionized water with vigorous stirring at room temperature. The
molar ratio of solutes in the solution was Ba2+:Fe3+:C3H4(OH)
(COOH)3 = 1:12:15.6, pH value of the solution was adjusted to 7.0
with appropriate ammonia solution. 0.05 g ATP was added into
the above prepared solution with ultrasonic 30 min and the mass
fraction of ATP in the ATP/BaFe12O19 composite is 1.5 wt%. Next
the mixture was evaporated at 80 �C in a water bath for 5 h to
get bronzing sol, after that put the sol into air dry oven at 160 �C
for 12 h to gain black dry gel. Then the dried gel burnt in air using
self-propagating combustion manner until all gels are completely
burnt out to form a loose powder. Grinding precursor powder
was made by the above reaction. Finally the precursor powder
was calcined at 1000 �C for 1 h in muffle furnace and cooled to
room temperature to get the barium ferrite phase.
2.4. Preparation of ATP/BaFe12O19/PANI composites

ATP/BaFe12O19/PANI composites were prepared by in-situ
chemical oxidation polymerization. The procedure was indicated
as follows: firstly, 0.1 g ATP/BaFe12O19 composites was added in
a 250 mL round-bottom flask contained 20 mL HCl (1M) solution
and homogeneously dispersed under 30 min ultrasonic dispersion.
Next, 1.0 g amido-sulfonic acid was dissolved in 20 mL distilled
water to form amino sulfonic acid solution. 1 mL An monomer
and amino sulfonic acid solution were added in round-bottom flask
sequentially and equipped with a magnetic stirrer. After that 1.0 g
ammonium peroxydisulfate (APS) was dissolved in 30 mL HCl solu-
tion, which was used as an oxidizing agent. The temperature of
reaction system was controlled at 0–5 �C by using ice-bath. The
APS solution was then slowly added drop-wise to initiate the poly-
merization. The polymerization was allowed to proceed for 6 h
with magnetic stirring. ATP/BaFe12O19/PANI composites were
obtained by filtering and washing the suspension with deionized
water and absolute ethyl alcohol several times, dried under vac-
uum at 60 �C for 12 h. And the mass fraction of ATP/BaFe12O19 in
ATP/BaFe12O19/PANI composites is 9%. The whole preparation pro-
cess of ATP/BaFe12O19/PANI was illustrated in Scheme 1.
2.5. Characterization

The phase of sintered materials was confirmed by a powder X-
ray diffraction technique (XRD, XRD-6000, Shimadzu Co., Ltd.
Tokyo, Japan) equipped with Cu Ka as a radiation source (k =
1.5406 Å). Each sample was scanned for 2h range (5–90�) with a
step size of 0.02�. The crystallite size was estimated from the width
of the diffraction line, which corresponds to a particular reflection
using the Scherrer equation. Fourier transform infrared spec-
troscopy (FTIR) analysis was performed at room temperature using
a Nicolet 5700 spectrometer in transmission mode in the
wavenumber range of 400–4000 cm�1. The morphology of samples
was observed using a transmission electron microscope (TEM, H-
8110, Hitachi Co., Ltd. Tokyo, Japan). For this purpose, dispersions
of nanoparticles were pipetted onto carbon-coated copper grids.
A vibrating sample magnetometer (VSM, model Lake Shore, new
7304 series) was used to investigate the magnetic properties of
the samples at room temperature. The maximum applied external
field was 12 kOe.
2.6. EM absorption measurement

For EM absorption measurement, the samples were prepared by
mixing the samples with paraffin wax at 70% weight fraction. The
mixtures were then pressed into toroidal-shaped samples (Uout =
7.00 mm and Uin = 3.04 mm). The complex permittivity and per-
meability values were measured in the frequency range of 2.0–
18 GHz range with the coaxial line method by an Agilent N5224A
vector network analyzer.
3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of PANI, ATP, BaFe12O19, ATP/
BaFe12O19, and ATP/BaFe12O19/PANI composite. It is known that
the structure of PANI is predominately amorphous. The XRD pat-
tern of PANI (Fig. 1a) appears at 2h = 22.23�, which can be attribu-
ted to the periodicity and perpendicular to polymer chains of PANI
[30]. The purified ATP displays diffraction peaks of 2h = 8.36, 13.7,
16.4, 19.86, 20.8, 24.1, 26.66, 27.58 35.34, 42.06, 50.16, 54.8 and
61.4� (Fig. 1b), which are characteristic patterns of pure ATP and
correspond to (1 1 0), (0 2 0), (3 1 0), (4 0 0), (2 1 1), (4 2 0), (3 2
1), (1 3 1), (0 5 0), (2 3 2), (0 7 0), (2 7 1) and (1 8 1) plane, respec-
tively. All of these diffraction peaks are the same as those of the
reference patterns collected for ATP (JCPDS 29-0855).

For barium ferrite (Fig. 1c), sharp diffraction peaks are observed
at 2h values of 30.62�, 32.48�, 34.40�, 37.40�, 40.64�, 42.68�, 55.30�,
56.82� 63.34�, 67.58�, and 72.80�, which correspond to the (1 1 0),
(1 0 7), (1 1 4), (2 0 3), (2 0 5), (2 0 6), (2 1 7), (2011), (2 2 0), (2 0 1
4) and (3 1 7) reflections.[9,31,32] All the observed peaks of barium
ferrite have been well matched with the standard XRD pattern
(JCPDS No. 43-0002). This phenomenon demonstrates the phase
barium ferrites are synthesized by sol-gel self-propagating com-
bustion method. Average crystallite size (D) of the BaFe12O19

nanoparticles can be calculated from the highest intensity peak
using Scherrer equation D = kk/bcosh, where k is Scherrer constant
(k = 0.89), b is the full angular line width in radians at half maxi-
mum intensity, k is wavelength of X-ray radiation, h is the diffrac-
tion angle in degree [33]. The (1 1 4) reflection of the observed X-
ray data was chosen for calculating the crystallite size of BaFe12O19

nanoparticles. The average size of the BaFe12O19 nanoparticles was
calculated using the above mentioned equation and estimated at
41.8 nm.



Scheme 1. Schematic illustration of the preparation process of ATP/BaFe12O19/PANI.

Fig. 1. XRD patterns of (a) PANI, (b) ATP, (c) BaFe12O19, (d) ATP/BaFe12O19, and (e)
ATP/BaFe12O19/PANI.
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As for the ATP/BaFe12O19 composite and ATP/BaFe12O19/PANI
composite, the characteristic peaks of corresponding constituents
can be easily found. These results indicate that the ATP/BaFe12O19

composite and the ATP/BaFe12O19/PANI composite have been suc-
cessfully obtained.
Fig. 2. FT-IR spectra of (a) PANI, (b) ATP, (c) BaFe12O19, (d) ATP/BaFe12O19, and (e)
ATP/BaFe12O19/PANI.
3.2. FTIR spectra

As shown in Fig. 2, PANI, ATP, BaFe12O19, ATP/BaFe12O19, and
ATP/BaFe12O19/PANI composites were characterized by FTIR spec-
troscopy (KBr pellet method) within the wave-length range 400–
4000 cm�1. For pure PANI (Fig. 2a), The spectrum of pure PANI
reveals that the characteristic bands at 1650 cm�1 and 1490
cm�1 are attributed to the characteristic C@C stretching of the qui-
noid and benzenoid rings while the peaks at 1300 cm�1 is assigned
to the CAN stretching of the secondary aromatic amine. The bands
at 1130 cm�1 and 796 cm�1 can be ascribed to out-of-plane bend-
ing of CAH [34–36]. The broad peak around 3460 cm�1 is attribu-
table to the NAH stretching mode[37].

For acid activated ATP (Fig. 2b), the structural OH stretching
vibrations appear in the range of 3700–3200 cm�1, which confirms
a great amount of active hydroxyl groups existing on the surface of
ATP. The band located at 3620 cm�1 is attributed to the stretching
vibration of OH associated with Al3+ cations in dioctahedral coordi-
nation (Al2OH) and to the OH stretching vibration of water coordi-
nated to Mg along the fibers. The peak at 3554 cm�1 is related to
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the stretching vibrations of OH in (Al, Mg)–OH [26,38]. The peak at
1655 cm�1 is attributed to bending vibration of water molecules
which acts as adsorbed ligands. Three characteristic peaks at
1203, 1034 and 991 cm�1 are caused by stretching vibration of
the SiAOASi bonds, and the peak at 480 cm�1 is attributed to the
bending vibration of SiAOASi bonds.[39]

The FTIR spectrum of BaFe12O19 (Fig. 2c) shows characteristic
peaks at 436 cm�1, 547 cm�1, 593 cm�1, which are attributed to
the FeAO bond stretching vibration.[31] After mixing with ATP
(Fig. 2d), we can see that the characteristic absorption peak of
BaFe12O19 and ATP all exist at ATP/BaFe12O19 composites. Com-
pared with the FT-IR spectrum of PANI (Fig. 3a), the peaks at
1650, 1490, 1300 and 796 cm�1 are red shifted to 1577, 1445,
1296 and 791 cm�1 in the ATP/BaFe12O19/PANI composite, suggest-
ing the successful coating of PANI on the surfaces of ATP/BaFe12O19.
The red shift of the vibrations may have three points: (1) the p
molecular orbital of PANI overlaps the empty d-orbital of Fe3+ in
barium ferrite to form the r-bond where metal ions play a role
of the electron pair acceptor; (2) the p⁄ molecular orbital of PANI
overlaps the empty d-orbital of Fe3+ to form the p-bond, in which
the Fe3+ is the electron pair donor; and (3) the presence of solid
state charge transfer in ATP and PANI, ATP as the cation acceptor,
the surface of sheets has electronegativity, but the existence of
emeraldine salt form of PANI as cation having electropositivity.
Therefore, the electron transfer balance between the PANI molecu-
lar chain and surface of BaFe12O19 easily forms electron transfer
complex [32,40]. Meanwhile, the characteristic peaks of ATP
(Fig. 3b) at 1655, 1203, 1034 and 480 cm�1 blue shifted to 1662,
1223, 1039 and 505 cm�1 in the ATP/BaFe12O19/PANI composite,
indicating that there exists a charge transfer between PANI and
ATP.[41]

FTIR results indicate that the characteristic bands of BaFe12O19,
ATP and PANI are present in the ternary composite spectrum, and
the intermolecular interactions exist between these three
components.
Fig. 3. TEM images of (a) BaFe12O19, (b and c) A
3.3. Morphology

The TEM images of BaFe12O19, ATP/BaFe12O19 and ATP/BaFe12-
O19/PANI composites are presented in Fig. 3. Fig. 3a shows the
micromorphology of BaFe12O19 nanoparticles; it can be clearly
seen that BaFe12O19 nanoparticles are highly agglomerated with
particle size in the range of 20–80 nm due to the magnetic dipole
interaction between ferrite particles [42]. The image exhibits that
the nanoparticles of BaFe12O19 are hexagonal approximately. At
the same time, we can see that the particles size of materials are
not uniform and its distribution is extremely different.

From Fig. 3b and c, we can see that there are a large number of
ferrite particles with a size of several tens of nanometers accumu-
lated on the surface of ATP. TEM images of ATP/BaFe12O19/PANI
(Fig. 3d) indicate that the in-situ chemical oxidation polymeriza-
tion process leads to the formation of core-shell type morphology
with ATP/BaFe12O19 as the center while the polymer (PANI) forms
the covering. The shell of the particles gives an impression of an
amorphous layer, as no fringes have been observed at the shell.

3.4. Magnetic properties

The magnetic properties of the BaFe12O19, ATP/BaFe12O19 and
ATP/BaFe12O19/PANI composites were determined by VSM analysis
at room temperature, and their magnetic hysteresis loops are
shown in Fig. 4. The magnetic parameters such as saturation mag-
netization (Ms), remnant magnetization (Mr) and coercivity (Hc) of
samples determined by the hysteresis loops obtained from Fig. 4
are listed in Table 1. It is striking to note that BaFe12O19 particles
and all the composites behave as a broad hysteresis loop at room
temperature, indicating the ferromagnetic behavior of them. What
is more, it can be seen that the Ms, Mr. and Hc value of pure BaFe12-
O19 ferrite reached 54.973 emu/g, 5.45 kOe, 32.128 emu/g, respec-
tively. Due to the fact that ATP and PANI are non-magnetic the Ms,
Mr. and Hc value of ATP/BaFe12O19 composite and ATP/BaFe12O19/
TP/BaFe12O19, and (d) ATP/BaFe12O19/PANI.



Table 1
Saturation magnetization (Ms), remnant magnetization (Mr) and coercivity (Hc) of
samples.

Samples Hc(kOe) Mr(emu/g) Ms(emu/g)

(a) BaFe12O19 5.450 32.128 54.973
(b) ATP/BaFe12O19 4.616 24.968 43.643
(c) ATP/BaFe12O19/PANI 4.685 12.434 21.573

Fig. 4. Magnetic hysteresis loops of (a) BaFe12O19, (b) ATP/BaFe12O19, and (c) ATP/
BaFe12O19/PANI.
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PANI composite are lower than those of pure BaFe12O19 powder.
Generally, the coercivity of a material depends upon many factors,
such as grain shape, morphology, structure, composition, magne-
tocrystalline anisotropy and magnetostriction [43].

As a natural clay material, ATP is an ideal support because of its
high-specific surface area as well as abundant active sites [20,44].
For the ATP/BaFe12O19/PANI composites, firstly, in the polymeriza-
tion process, the BaFe12O19 particles adhere to the surface of ATP.
After that PANI is deposited on the ATP/BaFe12O19 surface and crys-
tallite boundaries, which would result in an interface effect
between the PANI and ATP/BaFe12O19, therefore the surface aniso-
tropy of the ATP/BaFe12O19/PANI composites declines [45]. Sec-
ondly, in M-type barium ferrites, lowering the anisotropy field
results in lower natural resonance frequency [46–48]. The PANI
coating on the ATP/BaFe12O19 nanoparticles will likely affect the
contributions of the surface anisotropy, shape anisotropy, and
interface anisotropy to the net anisotropy [49]. Consequently, the
ATP/BaFe12O19/PANI composites show lower coercivity value com-
pared to that of pure barium ferrite.
3.5. Microwave absorbing properties

The non-magnetic paraffin wax has been used to prepare the
ring due to its ultralow dielectric parameters [50]. Through the
analysis of previous related literatures [10,13,51], we carried out
a preliminary test on the mixing ratio of the sample and paraffin
wax. When the amount of paraffin wax is too high, the percentage
of sample particles will be reduced, which will lead to the decrease
of absorbing property. When the amount of paraffin is too low, the
mixture is excessively viscous and dried so that it is difficult to
press into the ring, and a large number of holes are formed after
molding. Therefore, the test samples for the complex permeability
and permittivity were prepared by mixing the sample (70 wt%)
with paraffin matrix, and then pressing the mixture into a cylindri-
cal shaped compact(Uout = 7.00 mm and Uin = 3.04 mm). The EM
properties of the BaFe12O19, ATP/BaFe12O19 and ATP/BaFe12O19/
PANI composites were investigated in the frequency range from
2 to 18 GHz in this study.

As is well known, the real parts (e0, m0) of complex permittivity
and permeability represent the storage of the electric and magnetic
energy, respectively. While the imaginary parts (e00, m00) of complex
permittivity and permeability symbolize the loss of the electric and
magnetic energy. As a microwave absorber, big imaginary parts of
complex permittivity and permeability are expected [52].

The real (l0) and the imaginary (l00) parts of the relative com-
plex permeability are shown in panels a and b in Fig. 5, respec-
tively, together with the tangent magnetic loss angle (tan dM, tan
dM = l00/l0) of the composites in Fig. 5c. It is noted in Fig. 5a–c that
the as-synthesized BaFe12O19, ATP/BaFe12O19 and ATP/BaFe12O19/
PANI composites show the similar frequency-dependent perme-
ability. As shown in Fig. 5a, it can be seen that the complex perme-
ability real part (l0) of the BaFe12O19, ATP/BaFe12O19 and ATP/
BaFe12O19/PANI composites have four evident fluctuations at about
�3.4, 6.6, 13.6 and 15.5 GHz. For the variations in l00 as a function
of frequency shown in Fig. 5b, three curves of l00 intersect at �10
GHz. Before the intersection, all of the three curves behave as obvi-
ous decline in the frequency range from 2 to 10 GHz, the l00 of
BaFe12O19 higher than ATP/BaFe12O19 and ATP/BaFe12O19/PANI
composites. However, after the intersection, we can see that all
of the three curves behave as obvious elevation in the frequency
range from 10 to 18 GHz, the l00 of BaFe12O19 lower than ATP/
BaFe12O19 and ATP/BaFe12O19/PANI composites. The energy loss
caused by magnetic relaxation can be more clearly evaluated by
tan dM, which is also plotted as a function of frequency as shown
in Fig. 5c. The shapes and the tendencies of the tan dM vs frequency
are almost the same with those of the l00 vs frequency.

The variation in e0, e00, and the tangent of dielectric loss angle (tan
dE, tan dE = e00/e0) as a function of frequency of the samples are shown
in Fig. 5d�f, respectively. Fig. 5d and e show the e0 and e00 for BaFe12-
O19 particles andATP/BaFe12O19, ATP/BaFe12O19/PANI composites. It
is noted that the e’ for raw BaFe12O19 is nearly about 4.3 and the e‘‘ is
nearly about0.5, indicating that thedielectric losses of BaFe12O19 are
verypoor [53]. AftermixingwithATPandPANI, thevalueof the com-
plex dielectric permittivity of the ATP/BaFe12O19, ATP/BaFe12O19/
PANI composites become higher than the BaFe12O19. The dielectric
performance of the material depends on ionic, electronic, orienta-
tional (arising due to the presence of bound charges) and space
charge polarization (due to the heterogeneity in the system). In a
heterogeneous system, the accumulation of virtual charges at the
interface of two media having different dielectric constants, e01 and
e02, and conductivities r1 and r2, respectively, leads to interfacial
polarization and is known as Maxwell–Wagner polarization [40].
Here, ATPalongwith theBaFe12O19nanoparticleswere incorporated
in the polyanilinematrix and therefore show interfacial polarization
in the applied frequency range. The presence of insulating BaFe12O19

in the conducting matrix results in the formation of an increased
interface at a heterogeneous system, wherein some space charge
accumulates at the interface, contributing to the higher microwave
absorption. For the ATP/BaFe12O19/PANI composites, the observed
decrease in e’ with increasing frequency may be attributed to the
decrease in space charge polarization with increasing frequency
[54]. In addition, it can be seen in the frequency dependence of tan
dE for the ATP/BaFe12O19 and ATP/BaFe12O19/PANI composites in
Fig. 5f, where the tan dE of the ATP/BaFe12O19 and ATP/BaFe12O19/
PANI composites higher than the pure BaFe12O19 in the range from
2 to 18 GHz. The observed tan dE For ATP/BaFe12O19/PANI compos-
ites reaches up to �0.24 at 2 GHz and stays higher than tan dM =
�0.22 (Fig. 5c and f), still higher than the magnetic loss, which indi-
cates that dielectric loss makes major contribution to the electro-
magnetic loss.



Fig. 5. Measured relative (a and b) complex permeability, (d and e) complex permittivity and (c and f) magnetic and dielectric loss values of BaFe12O19, ATP/BaFe12O19, ATP/
BaFe12O19/PANI.
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As the EM adsorption performance depends on not only the loss
of magnetic and dielectric but also the proper matching of the
dielectric and the magnetic properties, the final EM efficiency of
the as-synthesized composites were evaluated by the reflection
loss of the samples based on transmission line theory [55]. Accord-
ing to this theory, when the EM wave transmits through a medium,
there are many factors affected the reflectivity, such as l, e, sample
thickness, and EM wave frequency. The reflection loss (RL) can be
calculated from the equations shown below.

Zin ¼ Z0
ffiffiffiffi
l
e

r
tanh j

2pfd
c

� � ffiffiffiffiffiffi
le

p� �
ð1Þ
RL ¼ 20 lg
Zin � Z0

Zin þ Z0

����
���� ð2Þ

where f is the microwave frequency, d is the thickness of the absor-
ber, c is the velocity of light, Zin is represent for the input of the
absorber and Z0 is the impedance in free space. It can be seen that
the electromagnetic wave absorption capacity of materials are clo-
sely related to electromagnetic parameters of materials (e0, e00, l0,
l00, d and f). The reflection loss of the same material is mainly deter-
mined by the thickness of the material at the same frequency.
Therefore, in order to design an EM wave absorber, the control of
the frequency dependencies of the relative complex permeability
l and the relative complex permittivity e is of significance.

In order to study the microwave absorption performance in-
depth, Fig. (6a, b and c) shows the reflection losses of pure BaFe12-
O19, ATP/BaFe12O19, and ATP/BaFe12O19/PANI composites with dif-
ferent matching thicknesses at 2–18 GHz; It can be found that the
microwave properties of samples under the matching thickness of
1–5 mm. With increasing the thickness of absorbent layer, from
Fig. 6a, b and c, one can see that the minimum RL value of pure
BaFe12O19, ATP/BaFe12O19 and ATP/BaFe12O19/PANI composites
increases at first and then decreases. The optimal RL values of pure
BaFe12O19, ATP/BaFe12O19, and ATP/BaFe12O19/PANI composites are
�10.7 dB at 13.56 GHz with an absorbent layer thickness of 3 mm,
�6.8 dB at 8.92 GHz with an absorbent layer thickness of 2 mm
and �12.37 dB at 6.98 GHz with an absorbent layer thickness of
3 mm, respectively. The ATP/BaFe12O19 (Fig. 6b) shows a little



Fig. 6. Microwave RL curves of (a) BaFe12O19, (b) ATP/BaFe12O19, (c) ATP/BaFe12O19/PANI with different thicknesses at 2–18 GHz; (d) Microwave RL curves of BaFe12O19, ATP/
BaFe12O19, and ATP/BaFe12O19/PANI of 2 mm at 2–18 GHz.
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worse behavior for electromagnetic loss at 2–18 GHz frequency.
Besides, the minimum RL of samples shifts toward lower frequency
with increasing sample thickness.

And Fig. 6d shows microwave RL curves of BaFe12O19, ATP/
BaFe12O19, ATP/BaFe12O19/PANI composites with a thickness of 2
mm at 2–18 GHz. The absorbing properties minimum RL of pure
BaFe12O19 nanoparticles is �7.28 dB at 17.32 GHz, and bandwidth
under�5 dB is approximately 1.64 GHz. It is noted that the absorb-
ing properties of ATP/BaFe12O19/PANI composite are improved
when ATP/BaFe12O19 was packed by PANI, the minimum RL value
is �11.89 dB at 11.28 GHz and the effective absorption bandwidth
(less than �5 dB) reached 6.39 GHz (from 8.42 GHz to 14.81 GHz).
Compared with our previous work [29], the absorbing performance
of this composite is obviously improved (the absorption peak
increased from �5.66 dB to �11.89 dB). This may be due to syner-
gistic effects of ATP, BaFe12O19, and PANI play an important role for
enhancing the absorbing properties of ATP/BaFe12O19/PANI
composites.
4. Conclusions

In summary, barium ferrite nanoparticles were distributed and
anchored onto the surface of the ATP, which have prepared ATP/
BaFe12O19 composite by sol-gel self-propagating combustion
method. And the ternary composite based on ATP/BaFe12O19/PANI
have been prepared and investigated. The introduced ATP and PANI
generated resonance in complex permittivity and permeability as
well as sufficiently enhanced dielectric loss, resulting in enhancing
microwave absorption performance and widening effective
absorption bandwidth. We found that the ATP/BaFe12O19/PANI
composites at a thickness of 2 mm have the minimum reflection
loss of �11.89 dB at 11.28 GHz, and the effective absorption band-
width (less than �5 dB) reached 6.39 GHz (from 8.42 GHz to 14.81
GHz). This represents a new idea for further studies of ATP for
application as microwave-absorbing materials.
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